It is shown that the theory of forbidden beta transitions, as hitherto used, does not provide a correct treatment of the pseudoscalar interaction. This is demonstrated by the application of a canonical transformation to the Hamiltonian of interacting nucleons and leptons whereby all odd nuclear Dirac operators are eliminated from the theory. When this is done properly it is seen that the pseudoscalar interaction makes a contribution to the P-decay process only by virtue of the fact that the lepton covariants are not constant. The corresponding additional operators introduced in the other three interactions (Sis pure even) are examined and it is shown that, except in one case, these make trivial corrections which would not be observed in practice. The exception occurs in second and higher forbidden transitions wherein the spin change (tensor rank, strictly speaking) is lower than the forbiddenness order. By virtue of present knowledge of the beta interaction these must be regarded as small correction terms. The possibility of calculating all nuclear matrix elements using nonrelativistic wave functions based on some coupling model is discussed.
I. INTRODUCTION
He' angular correlation' and the shapes of other first forbidden spectra, ' one is led to a P-T mixture as the only possible explanation of the spectrum if the spin 0 assignment is adopted.
Nevertheless, this analysis of the RaE spectrum in terms of the T-P mixture cannot be accepted, because the otherwise completely correct theory of forbidden beta transitions is not correct insofar as the pseudoscalar interaction is concerned. The reasons for this statement will be presented below in detail. At this point it suffices to say that the proper correction factor to be used for the P interaction and for all interference terms with the P interaction di6'ers from those hitherto used in a major way. There are also other cases in which the correction factors are misrepresented in a nontrivial way but these arise in circumstances which are now known to be impractical. This remark will also be amplified in the following.
At this stage of the discussion we may indicate in what manner the customary treatment fails. The central point involved is that in all forbidden transitions wherein, in the conventional form of the theory, odd Dirac operators are involved, one cannot make the usual categorical statement that the nuclear matrix elements are certain numbers independent of the parameters describing the lepton Geld. Actually, in such operators the small component of the nuclear wave function is involved and this implies that the momentum HE somewhat anomalous beta-spectrum of RaE has attracted considerable attention in recent years. It is a well-known fact that despite several attempts to account for the observed spectrum, using the well-established theory of forbidden beta transitions, ' no success could be claimed until the analysis of Petschek and Marshak' appeared. From that work one would conclude that the RaE spectrum demands the presence of the pseudoscalar (P) interaction in the betacoupling and in fact, a tensor-pseudoscalar (T-P) mixture seemed to sufBce to account for the observed results. '
The assumption upon which the aforementioned analysis of Petschek and Marshak is based is the assignment of zero spin to the decaying state and an a priori reason for this assignment is based on the Nordheim rule for minimum spin when neutron and proton configurations belong to diGerent Schmidt groups. The odd parity assignment of the shell model and the ft value makes it quite certain that the transition is first forbidden and the fact that the spectrum shape is definitely not that characteristic of a (hJ( =2 transition limits the spin values to 0 or T. With the exclusion of the A interaction by the results of the measurement of the 'E. J. Konopinski and G. E. Uhlenbeck, Phys. Rev. 60, 308 (1941) , referred to as KU.
' A. G. Petschek and R. E. Marshak, Phys. Rev. 85, 698 (1952 referred to as PM. of the decaying nucleon appears. Because of the pointcoupling of the beta interaction, this will introduce terms directly dependent on the momenta of the leptons (more exactly, the gradient operator acting on the lepton covariant is introduced). Because the lepton de Broglie wavelengths are so large compared to the nuclear radius, such terms are always rejected. This, it turns out, is completely justified in all but two cases and one of these is the pseudoscalar interaction. In this case, if one follows the usual treatment, there is eo coltributiort from the psettdoscalar ilteractiort at all 'In. this respect the pseudoscalar interaction is unique. In fact, the word "peculiar" may be an appropriate description of such interactions.
The validity of statements made above become apparent if one carries out a thorough reduction of the beta-decay problem to the nonrelativistic limit so far as the nucleon space is concerned. This is done in Sec. II in such a way that one can see exactly what is neglected. The error involved in such a step is exceedingly minute so that the beta-decay problem can be described in a greatly simpli6ed representation which is virtually exact.
A particularly interesting advantage which accrues from this procedure is the possibility of calculating nuclear matrix elements in terms of nonrelativistic wave functions. The implication here is that one adopts a specilc coupling model ( j-j or L 5, for example-). T. Ahrens, Phys. Rev. 90, 974 (1953) .Part of our results are contained in the results of the latter paper, but to obtain the proper correction factor large parts of Ahren's results are simply to be discarded.
Ij&= -tr p --LM"(1+r,)+M"(1 -r, )j+ V (2) 2 is the nuclear Hamiltonian, and
is the p coupling while HI, is the Hamiltonian for the lepton field alone. In (2) as in all the subsequent formalism, our notation is that the operator product co~'co"~~means Qs cages'cvq", where k is a particle and
In Table I 
In order to avoid confusion with the p operator we attach a subscript to the electron momentum. Later, where no confusion will arise we drop this subscript. (29) where Wo --W; -Wr is the P-energy release.
The x operators (b type) to be considered are y, v', ;(r,y) from the V interaction; o'Xy, K;, (r, o'Xy) from the T interaction and e p from the A interaction.
We limit our consideration to first and second forbidden transitions. Then with the aid of (y', r) = -2iy, (p', r,~g,) = -2b,s -2s(r;p"+r"p,), (30) one can find the appropriate g' operator for all these tensors with the exception of K;i(r, a'Xy). The results are exhibited in Table II However, we do not wish to restrict our consideration to this case and prefer to consider a more general situation in which one need not specify the parity or spin change (tensor rank) at the start. Instead, the general correction factor for the P, "or any other, interaction can be given with no more eGort than is involved in calculating special cases. The formalism which is ideally suited for our purpose is that which is involved in a complete utilization of the angular momentum representation. We have found this procedure to be highly useful not only for the calculation of correction factors but also for the determination of nuclear matrix elements. The formalism is therefore presented in the following in some detail.
We (32) T'x. "= ( -)'" '"'+'x. " (40') and the parity ( -)'"+' according to t"= f.(+-, '(S"-1),
where S"is the sign of a. Thus, j=l"--, 'S"and (l"-L,= (42) 
We are now in a position to introduce the irreducible tensors Tz, 3~(A,B) for any two vector operators A, B.
XC(//IX ') Y "+"'(t) (43) These are defined by
The vector addition coeKcients imply that l, l', and 3 form a triangle. That is,~l -/'j~&)1~&/+/', etc. In general, we refer to such a triangle relation by stating that 6(//')1) exists. Also, C(//')1;00) = 0 unless the parity rule (/+l'+X= even integer) is satisfied.
The spin projection quantum number sum is readily carried out by using the orthonormal properties of the unitary C coefFicients after one performs a Racah" recoupling according to the prescription:
=Q,L(2s+1)(2j+1)71C(jsjss;msms) XC(jisj 4, m1, ms+ms)W(jijsj4js, js), (44) where W(abed;ef) is a Racah coeflicient, Phys. 24, 258 (1952) which is related to our R coeiiicients, introduced in Kqs. (45) and (46), by /t&(«I) (
In all applications ) -l -l"r is an even integer so that both R and Z coefEcients are real. 
As an aid in transcription of notation we append the following useful relations: We now turn our attention to the correction factors for zero rank tensors. For X=O we may write (35) in the simple form" J;+Jf --X= j+j, . (53) xL(f,+. )'+ (g. G.)'j,=, ' (58) Also m;=my+m=m~+p+p". For the quantity which should actually appear in the P-transition probability, one. 'sums (51). 'over mr and", averages over m;. Thus, using (52), the pertinent quantity is (58) the prime denotes d/dr. The change in the correction factor, as previously noted, is directly traceable to the appearance of these derivatives.
The result (58) expresses the correction factor in the most compact form and the retardation expansion can (59) be made by taking only the terms" a=~|. Consistently, one replaces j&(x) by the 6rst term in its series expansion; j&(x)~x'L(21+1)!!j '. We carry out this operation and in addition we use (37) (-;qL, -N, ) . )
In (62) and (64) We are indebted to Dr. Sigurd Kohler of CERN for bringing to our attention an error in the reduction of our data. The final ratio of the (t, 7r+) to (He', ir') cross sections is raised from 2.3&0.3 to 2.6&0.35. The ratio of 2 predicted by assuming charge independence is now two standard deviations from the measured value.
In recalculating the ratio of the cross sections we used the latest mass values for pions. Because only 88.7-Mev total energy is available in the center-ofmass system for these reactions, the kinematics are sensitive to small mass differences such as the x+ -x' mass difference. The bombarding proton energy was taken to be exactly 340 Mev. Rev. 108, 637 (1957) j. We wish to acknowledge a prior publication by Loeb and Goodenough, ' parts of which we unknowingly duplicated in parts of our paper. They give the general form for the dipolar anisotropy energy, of ordering of the second kind [our Eq. (2)], and they also make a very good estimate of the value of the multiplicative constant. Also Loeb' has independently discovered the proportionality between the dipolar interaction energy and the powder neutron diffraction shape factor, and hence he has also noted that the neutron diffraction data cannot distinguish among the possible minimum-energy dipolar configurations. Loeb and Goodenough present an interesting discussion of other sources of anisotropy, the earlier figure; this appears to agree somewhat better with the experimental curve (Fig. 2, lower part) of Goldhaber, Grodzins, and Sunyar. '
The error was due to an incorrect sign which arose in the angular integration, and I wish to express my thanks to Dr. C. Fronsdal (Phys. Rev. 93, 1315 (1954 g. In Eq. (62), the factor 3'* which appears as a coe%cient of the AP interference term should be deleted.
